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Recent observations of selective emergence (suppression) of superconductivity in the uncollapsed
(collapsed) tetragonal phase of LaFe2As2 has rekindled interest in understanding what features of
the band structure control the superconducting Tc. We show that the proximity of the narrow Fe-
dxy state to the Fermi energy emerges as the primary factor. In the uncollapsed phase this state is
at the Fermi energy, and is most strongly correlated and source of enhanced scattering in both single
and two particle channels. The resulting intense and broad low energy spin fluctuations suppress
magnetic ordering and simultaneously provide glue for Cooper pair formation. In the collapsed
tetragonal phase, the dxy state is driven far below the Fermi energy, which suppresses the low-
energy scattering and blocks superconductivity. A similar source of broad spin excitation appears in
uncollapsed and collapsed phases of CaFe2As2. This suggests controlling coherence provides a way
to engineer Tc in unconventional superconductors primarily mediated through spin fluctuations.
Through careful control of growth and annealing con-
ditions, LaFe2As2 (LFA) can be grown in the tetrago-
nal phase with markedly longer c-axis than the value
in the equilibrium “collapsed” tetragonal (CT) phase
(c=11.01 A˚). The “uncollapsed” tetragonal phase (UT)
has c=11.73 A˚. Moreover, the UT phase is shown to su-
perconduct at 12.1 K, while the CT phase is not a su-
perconductor1. A parallel phenomenon was observed in
undoped CaFe2As2 (CFA). At room temperature, the
equilibrium phase is UT, but it was recently shown that
a CT phase can be induced by quenching films grown
at high temperature2. In this case, the undoped CT
phase superconducts with Tc=25 K. The UT phase does
not exist at low temperature because CFA undergoes a
transition from tetragonal (I4/mmm) to orthorhombic
(Fmmm) phase at 170 K3, with a concomitant transition
to an ordered antiferromagnetic state4. It is also possi-
ble to induce a CT phase at low temperature by apply-
ing pressure5,6: superconductivity was reported with Tc
12 K at 0.3 GPa. Taken together, these findings re-kindle
the longstanding question as to whether universal band
features can explain unconventional superconductivity.
Here we use a recently developed ab initio tech-
nique to show that there is indeed a universal feature,
namely incoherence originating from the Fe dxy state.
By ‘incoherence’ we refer to the fuzzy spectral features
and momentum-broadened spin excitation caused by en-
hanced single- and two-particle scattering. Superconduc-
tivity depends critically on the alignment of this state
to the Fermi level. We are able to make these find-
ings thanks to recent developments that couple (quasi-
particle) self consistent GW (QSGW ) with dynamical
mean field theory (DMFT)7–10. Merging these two state-
of-the-art methods captures the effect of both strong lo-
cal dynamic spin fluctuations (captured well in DMFT),
and non-local dynamic correlation11,12 effects captured
by QSGW 13. We use QSGW and not some other form
of GW, e.g. GW based on DFT. It has been well es-
tablished that QSGW overcomes limitations of DFT-
GW when correlations become strong (see in particular
Section 4 of Ref.12). On top of the DMFT self-energy,
charge and spin susceptibilities are obtained from vertex
functions computed from the two-particle Green’s func-
tion generated in DMFT, via the solutions of non-local
Bethe Salpeter equation. Additionally, we compute the
particle-particle vertex functions and solve the linearized
Eliashberg equation9,14,15 to compute the superconduct-
ing susceptibilities and eigenvalues of superconducting
gap instabilities. For CT and UT phases we use a sin-
gle value for U and J (3.5 eV and 0.62 eV respectively),
which we obtained from bulk FeSe (and LiFeAs) within a
constrained RPA implementation following Ersoy et al.16
DMFT is performed in the Fe-3d subspace, solved using a
rotationally invariant Coulomb interaction generated by
these U and J. The full implementation of the four-tier
process (QSGW, DMFT, BSE, and BSE-SC) is discussed
in Pashov et. al.12, and codes are available on the open
source electron structure suite Questaal17. Expressions
we use for the response functions are presented in Ref.9.
Our all-electronic GW implementation was adapted from
the original ecalj package18; the method and basis set are
described in detail in Ref. 12. For the one-body part a
k-mesh of 12× 12× 12 was used; to compute the (much
more weakly k-dependent) self-energy, we used a mesh of
6 × 6 × 6 divisions, employing the tetrahedron method
for the susceptibility.
We perform calculations in the tetragonal phases of
LFA and CFA; in the CT phase (CT-LFA and CT-CFA)
and the corresponding UT phase (UT-LFA and UT-
CFA). Structural parameters for each phase are given
in the SM, Table 1. The DMFT self-energy, spin and
charge susceptibilities, and finally the superconducting
instability are computed as a function of temperature.
CT-QMC samples more electronic diagrams at reduced
temperature and provides insights into the emerging co-
herence/incoherence in single- and two-particle insta-
bilities; however, it cannot provide knowledge about
entrant structural (or structural+magnetic) transitions.
On the other hand, it can tell us what would happen if
the structural+magnetic transition could be suppressed
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FIG. 1. Fermi surface in the kz=0 plane for UT and CT-
LFA phases. In the UT phase, the circular pocket around
Γ has Fe-dxy character, while chickpea shaped pockets are
of Fe-dxz,yz character. These pockets disappear in the CT
phase where superconductivity is absent. Simultaneously, the
effective band width W of the Fe-3d manifold significantly
increases in CT phase (∼4 eV, in the UT phase W∼2.4 eV,
leading to larger electronic itineracy. Also shown is the partial
local density of states projected onto the Fe-3d orbitals. The
bandwidth W of narrow dxy states gets further narrowed in
UT-LFA phase to mark enhancement in effective correlation
( U
W
), where U is the Hubbard parameter.
(TN=170 K in CFA), and we can estimate Tc in the hy-
pothetical UT phase of undoped CFA below TN .
In brief, we find that the CT-LFA has no supercon-
ducting instability, while UT, CT-CFA and UT-LFA are
all predicted to be superconducting. All of these findings
are consistent with experiment. In the experimentally
known cases where the systems do superconduct (UT-
LFA and CT-CFA), it appears our estimated Tc’s are
a factor of two to three times larger than the experi-
mental Tc. A similar discrepancy is observed in estima-
tion of Tc in doped single-band Hubbard model
14, where
it sources from the local approximations of DMFT and
needs a better momentum dependent vertex to circum-
vent this19. Apart from a constant scaling, all of these
findings are consistent with experiment. Moreover, we
find that the hypothetical UT-CFA phase can have the
highest Tc of all. We conclude that UT-CFA would be
superconducting if it did not make a transition to an anti-
ferromagnetically ordered state. The superior quality of
the QSGW bath combined with nonperturbative DMFT
has been shown to possess a high degree of predictive
power in one- and two-particle spectral functions7–9,12
and as in other cases we are able to replicate the ex-
perimental observations of spectral functions, including
a reasonable estimate for Tc. The remainder of the pa-
per uses this machinery to explain what the origins of
superconductivity are.
The three systems predicted to have non-negligible Tc
(CT-CFA, UT-LFA, UT-CFA) have two things in com-
mon. First, the Fe-dxy state contributes to the hole
pocket around the Γ point (Fermi surface is shown in
Fig. 1; see also the blue band in Fig. 2). Second, the
imaginary part of the spin susceptibility Imχ(q, ω) has
intense peaks centered at q=( 12 ,
1
2 ,0)2pi/a, in the en-
ergy window (2,25) meV. The latter is a consequence
of the former: low-energy spin-flip transitions involving
dxy are accessible, which give rise to strong peaks in
Imχ(q, ω) around the antiferromagnetic nesting vector
qAFM=(pi/a, pi/a, 0). Imχ(q, ω) is diffused in q around
qAFM. This broadening in momentum space suppresses
antiferromagnetism to allow superconductivity to form.
CT-LFA is the only one of the four systems that has negli-
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FIG. 2. Color-weighted electronic QSGW band structures in
LFA (top) and CFA (bottom). CT (UT) phases are displayed
on the left (right). All t2g Fe states (dxy in blue, dxz,yz in red)
are in close proximity to the Fermi energy, while the Fe-deg
states (depicted in green) are somewhat below. In the CT
phase of LFA, the dxy state is pushed below EF , eliminating
the hole pocket at Γ and suppressing Tc.
gible instability to superconductivity. In CT-LFA the Fe-
dxy state is pushed down (Fig. 2). As a consequence the
peak in Imχ(qAFM, ω) occurs at a much higher energy —
too high to provide the low-energy glue for Cooper pairs.
Also appearing is a pronounced dispersive paramagnon
branch around q=0. This branch is present in all four
3systems, but it is strongest in CT-LFA. Nevertheless the
ab initio calculations predict no superconductivity. This
establishes that the paramagnon branch contributes little
to the glue for superconductivity in these 122-As based
compounds.
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FIG. 3. Single-particle correlated QSGW +DMFT electronic
spectral functions A(q, ω) for CT and UT phases of LF and
CFA along high-symmetry lines. The UT-CFA phase is most
incoherent, while the CT-LFA phase is most coherent. The
presence (absence) of Fe-dxy state at Fermi energy appears
to be the primary criterion for incoherent (coherent) spectral
features.
Reducing the c-axis in LFA phase pushes dxy below
the Fermi energy EF (top left panel, Fig 2); the re-
maining hole pocket at Γ is without dxy character (see
Fig 1). Quasi-particles in CT-LFA are much more coher-
ent (see Fig 3) with small scattering rate Γ (extracted
from the imaginary part of the self-energy at ω→0) and
large quasi-particle weights Z relative to the other cases
(see SM Table 2 for the orbitally resolved numbers). This
further confirms that the CT-LFA phase is itinerant with
small correlation, using U/W as a measure. When the
dxy state crosses EF , single-particle spectral functions
A(q, ω) become markedly incoherent. This originates
from enhanced single-particle scattering induced by lo-
cal moment fluctuations within DMFT and suppressed
orbitally resolved Z (SM Table 2). In the superconduct-
ing cases the dxy orbital character is the primary source
of incoherence with high scattering rate (Γ>60 meV) and
quasi-particle weight as low as ∼ 0.4.
The peak in Imχ(qAFM, ω) can be observed in al-
most all iron based superconductors15,20. However, what
varies significantly over various systems is the disper-
sion of the branches. The less itinerant the system is,
the smaller dispersion in Imχ(q, ω) (and typical spin ex-
change scale J ∼ t2/U), and it is more strongly corre-
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FIG. 4. The energy and momentum resolved spin susceptibil-
ity Imχ(q, ω) (in the top panel from left to right) shown for
the CT and UT phases respectively . The q-path (H,K,L=0)
is chosen along (0,0)-( 1
2
, 0)-( 1
2
, 1
2
)-(0,0) in the Brillouin zone
corresponding to the two-Fe atom unit cell. The intensity in
the CT phase is artificially multiplied by five to bring excita-
tions for CT and UT phases to the same scale.
lated.
In the UT-LFA phase, Imχ(q, ω) has a dispersive
magnon branch extending to ∼70 meV. As can be ob-
served in Fig. 9, both the branch and the low-energy peak
at ( 12 ,
1
2 ,0) are significantly broad. The dispersion is sig-
nificantly smaller than in undoped BaFe2As2 (BFA)
21,
dispersion survives up to 200 meV at ( 12 , 0, 0). This sup-
pression of branches and concomitant broadening sug-
gests that UT-LFA is more correlated than BFA. In con-
trast with UT-LFA, CT-LFA has Stoner like continuum
of spin excitations (in the figure the intensity is scaled by
a factor of five to make it similar to the UT phase) with-
out any well defined low energy peak. Similar spin ex-
citations can be observed in the phosphorus compounds
(BaFe2P2, LiFeP) where the system either does not su-
perconduct or Tc is fairly low (when it does)
15. These
are among the most itinerant systems of all iron based
superconductors and both the quasi-particle and spin ex-
citations are band like. In both the phases we find weak
to no qz-dispersion of the susceptibilities, making the spin
fluctuations effectively two dimensional.
In Fig. 5 we compare Imχ(q, ω) at ( 12 ,
1
2 ,0) for four can-
didates. The UT-CFA has most intense low energy peak
followed by CT-CFA and UT-LFA. Low energy spin ex-
citations for CT-LFA is gapped at ( 12 ,
1
2 ,0). Further, we
take three energy cuts of Imχ(q, ω) at ω=15, 30, 60 meV
along the path (H,K,L=0)= (0,0)-( 12 , 0)-(
1
2 ,
1
2 )-(0,0). At
15 meV, the UT-CFA peak is significantly stronger than
the rest; CT-LFA has weak uniform spin excitation at
q=0, and is almost entirely suppressed at ( 12 ,
1
2 ,0). It
appears that an intense low energy peak which is simul-
taneously broadened in momentum space provides max-
4imum favorable glue for superconducting ordering. For
higher energy ω=30 and 60 meV, cuts the sharp differ-
ence between UT-CFA and others start to diminish and
the spin excitations for all systems become broad and in-
coherent and nearly comparable. CT-LFA shows a clear
two-peak structure associated with the high energy para-
magnon branch and it disperses to ∼500 meV (see SM).
The eigenvalues and eigenfunctions of superconducting
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FIG. 5. The low energy behavior of Imχ(q, ω) is shown for
four candidates at q=( 1
2
, 1
2
,0). The more intense the peak
is, higher is the Tc. Three different energy cuts at 15, 30
and 60 meV for Imχ(q, ω) are resolved along the q-path
(H,K,L=0)=(0,0)-( 1
2
, 0)-( 1
2
, 1
2
)-(0,0) to stress the low-energy
concentration of glue in the superconducting phases. (The
intensity of CT-LFA peak is artificially multiplied by five to
bring excitations for CT and UT phases to the same scale)
susceptibilities, superconducting pairing symmetries can
not be extracted from the spin dynamics alone. We com-
pute the full two particle scattering amplitude in the
particle-particle channel within our DMFT framework,
and we solve Eliashberg equations in the BCS low en-
ergy approximation9,14,15. We resolve our eigenfunctions
of the gap equation into different inter- and intra-orbital
channels, and observe the trend in the leading eigenval-
ues with temperature in both CT and UT phases. We
observe that there are two dominant eigenvalues of the
gap equation. The eigenvalues increase with decreasing
T in the UT-LFA, UT-CFA and CT-CFA, while they are
vanishingly small (at least one order of magnitude smaller
than the UT phase) and (in the CT-LFA phase) insensi-
tive to T. The corresponding eigenfunctions in the UT-
LFA phase have extended s-wave (leading eigenfunction
∆1 for eigenvalue λ1) and dx2−y2 (lagging eigenfunction
∆2 for eigenvalue λ2) characters (see Fig. 6). We also
find that these instabilities are primarily in the intra-
orbital dxy-dxy channel and the inter-orbital components
are negligible. In both the UT and CT-CFA phases the
only instability appears to be of extended s-wave nature.
We track the temperature at which the superconducting
susceptibility diverges (the leading eigenvalue approaches
one) to estimate Tc (see Fig. 6). We find that the pairing
vertex Γ rises steeply with lowering temperatures and the
leading eigenvalue λ follows the temperature dependence
of Γ (see SM)). Suppression of the charge component of Γ
leads to no qualitative change to the temperature depen-
dence of λ and only weakly changes its magnitude (see
SM). Our results suggest that Tc is directly proportional
to the strength of the low energy peak at ( 12 ,
1
2 ), which
is further controlled by the correlations and scattering in
the Fe-3dxy state.
0 1
0
1 UT-LFA ( 1) Tc=12K
q(
H=
0,
K,
L=
0)
q(H,K=0,L=0) 0 1
UT-LFA ( 2) Tc=12K
q(H,K=0,L=0)
-0.15
0
+0.15
 v
al
ue
0 100 500 1000
0.01
0.1
1
T, K
CT-LFA
UT-LFA
CT-CFA
UT-CFA
43 60 88
0.75
1.00
1.25
Tc
FIG. 6. The superconducting instability is absent in the CT-
LFA phase. The superconducting instability corresponding
to the leading (λ1) and lagging (λ2) eigenvalues of the solu-
tions to the linearized Eliashberg equations, ∆(q, ω=0) are
shown for the UT-LFA phase. The evolution of the leading
eigenvalue as a function of temperature is shown for CT-CFA,
UT-CFA and UT-LFA in the bottom panel. In inset we zoom
into the low temperature part of the curves to show the esti-
mated Tc’s.
To conclude, we establish the interplay between the
band structure and correlations that lead to emergence
(suppression) of superconductivity in the UT-LFA (CT-
LFA) phase. We establish a direct correspondence be-
tween the proximity of the dxy state to the Fermi energy,
and show that it contributes to enhanced low energy scat-
tering and significantly incoherent quasi-particles. Inco-
herence affects two-particle features: the spin suscepti-
bilities also show broad and intense low energy spin fluc-
tuations centered at ( 12 ,
1
2 ). As the phase is quenched, in
5CT-LFA, dxy is pushed below EF , which causes coher-
ent spectral features to emerge with a broad continuum of
spin excitations. These do not provide glue conducive for
Cooper pair formation. Our conclusions find further val-
idation in our calculations in UT and CT phases in CFA.
UT-CFA was found to have the most intense low energy
susceptibility peak among the four candidates and is pre-
dicted to have the highest, were the superconducting in-
stability not suppressed by entrant first order structural
transition.
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variants a (A˚) c(A˚) hse
CT-LFA1 4.0035 11.0144 0.3589
UT-LFA1 3.9376 11.7317 0.3657
CT-CFA2 3.873 11.5647 0.3657
UT-CFA4 3.8915 11.69 0.372
TABLE I. Structural parameters, pnictogen height has as a
fraction of c entering as inputs for CT-LFA, UT-LFA, CT-
CFA, UT-CFA.
variants U (eV) J (eV)
CT-LFA1 3.9 0.72
UT-LFA1 3.88 0.72
CT-CFA2 3.97 0.73
UT-CFA4 3.99 0.73
TABLE II. Hubbard parameters U, J computed using QSGW
+ C-RPA for CT-LFA, UT-LFA, CT-CFA, UT-CFA.
SUPPLEMENTAL MATERIAL
CRYSTAL STRUCTURE, QUASIPARTICLE
PROPERTIES AND SUSCEPTIBILITIES
In this supplemental material, we show we list the
input structural parameters for our calculations, and
the orbitally resolved quasi-particle weight and scat-
tering rates in different compounds, as extracted from
QSGW+DMFT. We also show the Imχ(q, ω) upto 500
meV to demonstrate the itinerant character of spin exci-
tations in CT-LFA.
Note on U and J
We performed calculations with U and J taken from
constrained RPA values for the FeSe and LiFeAs. Subse-
quent constrained RPA calculations on the pnictide con-
sidered here (Table II above) indicate that they are about
15% larger than the values we used. with the change in
U and J uniform across all four compounds. Also the
ratio J/U∼0.17 is essentially unchanged. While corre-
lations should increase, the conclusions will not change
since the adjustment is small and uniform, and and we
cannot justify repeating the calculations, in light of the
high cost of these calculations.
variants Γx2−y2 zx2−y2 Γxz,yz zxz,yz Γz2 zz2 Γxy zxy
CT-LFA 14 0.67 18 0.63 12 0.67 21 0.72
UT-LFA 28 0.54 60 0.54 32 0.5 67 0.49
UT-CFA 20 0.50 45 0.43 23 0.47 49 0.44
CT-CFA 26 0.53 50 0.45 24 0.50 47 0.47
TABLE III. Quasi-particle renormalization factor (Z ), single-
particle scattering rate (γ) for CT and UT phases.
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FIG. 7. The energy and momentum resolved spin suscepti-
bility Imχ(q, ω) (in the top panel from left to right) shown
for the CT and UT phases respectively over much higher en-
ergies to stress the absence of low energy glue in CT-LFA
phase, and its nearly band like spin excitation character. The
intensity in the CT phase is artificially multiplied by five to
bring excitations for CT and UT phases to the same scale.
A note on Tc estimation
We compute the pairing eigenvalues by solving the
linearized Eliashberg equation at different temperatures
in the normal phase. The temperature at which the
leading eigenvalue becomes one, is where the particle-
particle ladder sum (superconducting pairing suscepti-
bility) diverges and corresponds to the Tc for that ma-
terial (the entire method is detailed in our recent work9
and Park’s thesis14). The local three frequency, orbital
dependent vertex functions for solving these linearized
Eliashberg equations are computed from CT-QMC. CT-
QMC is quantum monte carlo based finite temperature
solver. It is fairly expensive to sample the desired ver-
tex functions from CT-QMC, for example, at 300 K, we
sample the CT-QMC vertex by launching the calculation
on 40,000 cores for 4 hours.
The superconducting pairing susceptibility χp−p is
computed by dressing the non-local pairing polarization
bubble χ0,p−p(k, iν) with the pairing vertex Γirr,p−p us-
ing the Bethe-Salpeter equation in the particle-particle
channel.
χp−p = χ0,p−p · [1+ Γirr,p−p · χ0,p−p]−1 (1)
Γirr,p−p in the singlet (s) channel is obtained from the
magnetic (spin) and density (charge) particle-hole re-
ducible vertices by
Γirr,p−p,sα2,α4
α1,α3
(k, iν,k′, iν′) = Γf−irrα2,α4
α1,α3
(iν, iν′)
+ 12 [
3
2 Γ˜
p−h,(m)
− 12 Γ˜p−h,(d)]α2,α3α1,α4 (iν,−iν
′)k′−k,iν′−iν
+ 12 [
3
2 Γ˜
p−h,(m)
− 12 Γ˜p−h,(d)]α4,α3α1,α2 (iν, iν
′)−k′−k,−iν′−iν (2)
Finally, χp−p can be represented in terms of eigenval-
ues λ and eigenfunctions φλ of the Hermitian particle-
particle pairing matrix.
χp−p(k, k′) =
∑
λ
1
1− λ · (
√
χ0,p−p(k) · φλ(k))
· (
√
χ0,p−p(k′) · φλ(k′)) (3)
The pairing susceptibility diverges when the leading
eigenvalue approaches unity. When the particle-particle
ladder sum χp−p = ((χ0,p−p)−1 − Γp−p)−1 diverges, the
normal state becomes unstable towards superconductiv-
ity. In a temperature dependent calculation this corre-
sponds to the Tc where the leading eigenvalue of the ma-
trix Γp−pχ0 reaches one (as shown in Eqn. (3)). The
eigenvector corresponding to the leading eigenvalue λ
gives the symmetry of the superconducting order param-
eter ∆α,β(k, ν). In an ideal scenario we need need to
solve the eigenvalue problem of the following matrix;
−KBT
∑
k′ν′α′β′γδ γ
p−p,s(αβkν;α′β′k′ν′)χ0,p−pα′β′γδ(k
′, ν′)
∆(γδ)(k′, ν′) = λ∆α,β(k, ν) (4)
The matrix that needs to be diagonalized has a size
(norb2 ∗nomega ∗nkp) ∗ (norb2 ∗nomega ∗nkp). In case
of our materials, we find that even at β=20, which is
roughly T = 580 K, the matrix size that we need to diag-
onalize is of the size (norb=5, nomega=200, nkp=1000)
size (25*200*1000)*(25*200*1000). So we employ BCS
low energy approximation to diagonalize the matrices at
different temperatures and extract the eigenvalue spec-
trum. The BCS approximation amounts to using the
Γp−p strictly from the lowest energy (ν = 0+, ν′ = 0+,
ω=0). However, Γp−p contains all relevant momentum
and orbital structure, and bubble contains information
from all energies, momentum and orbitals. This ap-
pears to be reasonable approximation as the vertex con-
tains essential features of superconductivity which is a
low energy phenomenon. Additionally the pairing ver-
tex also shows the essential temperature dependent en-
hancement that is prerequisite to Cooper pairing. We
project the computed bubble and vertex functions on to
the leading superconducting pairing symmetry channel
∆k∼ (coskx+ cosky) and show their temperature depen-
dent behaviour.
Γ¯ =
∑
k,k′ ∆
kΓ(k, k′)∆k
′∑
k(∆(k))
2
(5)
χ¯0 =
∑
k,k′ ∆
kχ0(k, k′)∆k
′∑
k(∆(k))
2
(6)
Further, we suppress the charge (density) component
of the Γp−p to show that the eigenvalues (λ−c) only get
very weakly affected. This is in complete consistency
7FIG. 8. The particle-particle bubble χ¯0 and the particle-
particle interaction vertex Γ¯ (projected onto the leading pair-
ing symmetry channel) are plotted as functions of tempera-
ture. The leading eigenvalue of the Eliashberg gap equation
λ follows primarily the steep rise in Γ¯ with lowering temper-
atures.
with what we show in the main paper that the supercon-
ducting instability is in one-to-one correspondence with
the spin instability and the pairing is primarily mediated
via spin fluctuations.
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